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Semiconductor integrated circuits? are on a path towards reducing in size. One of the 
possible goals of this process towards continuing reductions in size may lead to the 
realization of a completely new functional device utilizing the wave properties of electrons. 
This realization is believed to open the door to the virtual "paradise" of quantum effect 
devices never imagined before. This report provides a discussion of these quantum effect 
devices. 
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1.? Introduction 
Semiconductor integrated circuits, said to be the staple food of modern industry, are on a path 
towards reducing in size. However, just how far can this trend be expected to go? As indicated in Fig. l, 
although conventional 
devices have involved the 
use of the particle 
properties of electrons, 
one of the possible goals 
of this process towards 
continuing reductions in 
size may lead to the 
realization of a completely 
new functional device 
utilizing the wave 
properties of electrons. 
This realization is 
believed to open the door 
to the virtual "paradise" 
of quantum effect devices 
never imagined before. 
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2.? Shifting from the Particle Properties to the Wave Properties of Electrons 
 How far can the current reductions in size of electron devices be expected to go? Let us consider this 
in terms of silicon integrated circuits, currently the representative form of electron devices. N-type 
silicon crystals typically contain roughly 1017  conduction electrons per cubic centimeter. However, the 
number of electrons is reduced to only 100 when the silicon is considered in the form of a 0.1 
micrometer cubic. 
This figure is essentially unable to be handled statistically. Metals, on the other hand, contain 
roughly 1023 conduction electrons per cubic centimeter. Thus, even when considering a 0.1 micrometer 
cubic, that cubic still contains 108 electrons. That number decreases to 105 electrons in the case of a 10 
nanometers cubic. 
When there are numerous electrons present, instead of considering each electron individually, the 
ensemble of electrons can be treated with statistical process based on the relaxation time 
approximation of electron. In this case, this processing corresponds precisely to wave packets, and the 
electrons behave as particles. 
Dimension 
 
As devices continue to become smaller in size and the number of electrons becomes fewer, it no 
longer is possible to treat electrons statistically. Consequently, the behavior of each individual electron 
must be considered. 
This is referred to as an expression of the wave properties of electrons. What then are the 
dimensions that determine whether electrons demonstrate particle properties or wave properties? A 
good indicator of that demarcation is the quantum mechanical wavelength of the electrons (de Broglie 
wavelength: approx. 20 nanometers). In other words, when the dimensions of the device are greater 
than the de Broglie wavelength of the electrons, particle properties are demonstrated. In contrast, 
when the dimensions of the device are less than the de Broglie wavelength of the electrons, those 
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electrons demonstrate wave properties. As indicated in Fig. 2, in the case the device dimensions are 
considerably larger than the de Broglie wavelength, that region is typically referred to as the 
macroscopic region. That region in which the dimensions are smaller than this is referred to as the 
microscopic region. Finally, the region that lies in between the above regions is typically referred to as 
the mesoscopic region. 
 
3. Characteristics of Quantum Effect Devices 
 The following types of characteristics are expected when electrons behave as waves.  
(1) Electrons are able to overcome the limit imposed by the relaxation-time thereby allowing the 
possibility for ultra-high speed devices. 
(2) Energy consumption is able to be reduced. 
(3) Devices appear that have completely new functions as a result of utilizing the wave properties of 
electrons. 
 
 (1) When a large number of electrons are contained in a substance, those electrons are processed 
statistically, allowing them to be treated in terms of the relaxation-time approximation of those 
electrons. Consequently, the response time (speed) of the device can theoretically not be smaller than 
the relaxation-time of the electrons (on the order of 10-13 seconds). In other words, when considered in 
terms of frequency, the upper limit on response time can be on the terahertz order. 
 When the dimensions of solid are reduced resulting in the appearance of the wave properties of 
electrons (electron waves), relaxation-time approximation of electron is no longer valid, thus allowing 
the barrier due to relaxation-time to be overcome and giving rise to expectations of the realization of 
ultra-high speed devices. 
 (2) In the case of 
treating electrons as 
waves, the amplitude and 
phase of the electron 
waves can be controlled. 
Control of amplitude 
(equivalent to control in 
the case of particles) 
requires energy. Control 
of phase, on the other 
hand, basically does not 
consume energy. When 
energy is not consumed 
at all, this leads to 
Heisenberg's uncertainty 
principle as indicated in 
Fig. 3. 
 (3) Although only 
amplitude is controlled in 
the case of particles, in 
the case of waves, phase 
or even wavelength can be controlled. In this case, the variables become three times or perhaps even 3 
orders higher. In addition, the physical effects of electrons as waves can also be used, such as the use of 
diffraction, interference and tunneling phenomena. Moreover, other waves in addition to electron 
waves can also be used, examples of which include photon waves and phonon waves. Thus, the number 
of possibilities becomes extremely large, allowing expectations of completely new functions that never 
existed in the past. 
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4. From Incoherent to Coherent Electron Waves 
 Although it was previously mentioned that the number of electrons is reduced to only 100 when 
silicon is considered in the form of a 0.1 micrometer cubic, there is a low probability that the properties 
(phase) of these 100 electrons will be identical in this case. However, when the device is made even 
more microscopic in size and the number of contained electrons drops to 10, there is a high probability 
that those 10 electrons will all be in same phase. The case of electrons all being in same phase is 
referred to as a coherent electron wave, while the case in which the electrons are not in same phase is 
referred to as an incoherent electron wave. 
 
The most remarkable effects of wave properties are indicated below. 
A: Use of incoherent electron waves 
1. Tunneling effect 
2. Resonance effect 
B: Use of coherent electron waves 
3. Interference effect 
4. Diffraction effect. 
 Quantum effect devices that have been researched thus far have consisted primarily of those 
devices "utilizing incoherent electron waves", and more specifically, those producing tunneling and 
resonance effects. With respect to the utilization of coherent electron waves, current research 
unfortunately has only been able to progress to the stage of interaction between two electron waves. 
 Thus, expectations for future research lie not only in the field of electron waves, but also with 
respect to the "resonance effects of magnetic phonon wave and photon waves." 
 Research in these two areas has been begun recently. For example, research has been conducted on 
the magnetic phonon resonance of two-dimensional electron gases. It has also been experimentally 
confirmed that quantum mechanical inductance exists due to electron inertia. 
 Although the research described above focuses on the use of incoherent electron waves, for the 
future, research will most likely and must move on to the development of "devices using coherent 
electron waves." 
 For all practical purposes, current research on the use of coherent electron wave effects is 
essentially limited to the Aharanov-Bohm effect (AB effect). More recently, the generation of 
fluctuations in electrical conductance has been observed to result from electron interference effects 
within quantum wires. 
 When it becomes possible to completely align the phases of coherent electron waves to create 
electron waveguides and electron wave interference circuit elements, it will be possible to realize 
electron-wave interference ultra-high speed integrated logic circuit elements that greatly surpass the 
performance of optical computers. With respect to the realization of sophisticated, high-speed parallel 
processing arithmetic circuit elements, such as in neurocomputers on which development efforts have 
recently begun, the use of electron waves instead of photon waves will allow the obtaining of smaller 
sized elements, thus making such circuit elements more promising. In addition, another field that has 
considerable potential for the future is that involving electron wave sensors. 
 Going one step further, the "use of the mutual, multiple interference effects of coherent electron 
waves" can also be considered as a result of utilizing the interaction between not only coherent electron 
waves, but also coherent phonon waves, magnetic phonon waves and so on. For example, the 
Josephson effect utilizes the interaction between electron waves and phonon waves. 
 In addition, although somewhat obvious, the interaction between electron waves and photon waves 
is also an important topic for the future. 
 In this manner, the characteristic of coherent electron waves is "being able to control not only the 
amplitude (intensity) of electron waves, but also the phase and wavelength" by interactions between 
coherent electric field waves and magnetic field waves, photon waves, phonon waves and so on, from 
the outside. For example, the path of an electron wave can effectively be changed by controlling the 
wavelength of the electron wave, without changing the actual length in space. This is the AB effect. 
 In addition, quantum interference devices (e.g., quantum interface transistor) are beginning to be 
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proposed that utilize the phenomenon in which fluctuations in conductance are generated due to 
interference effects similar to the AB effect that result from modulation of the phase of an electron 
wave caused by electro-magnetic waves. 
 Research themes focusing on the "interaction and multiple interference effects of coherent electron 
waves" are considered to be virtually inexhaustible. 
 Thus, considerable expectations are being placed on the future realization of devices having 
completely new functions that utilize the interactions between coherent electron waves and other 
quantum waves. 
 
5. From Carriers to Propagators 
 The electronics field of today is progressing from the particle properties to the wave properties of 
electrons. When electrons move from particles to waves, the devices that have existed thus far can be 
considered to contain electrons that "carry" information and energy. In other words, although electrons 
have previously been conceptualized as "carriers", in the future, electrons will be thought of in terms of 
propagating "waves", or in other words, "propagators". When this happens, the response speed of 
current electronic devices will increase dramatically and break the barrier of electron relaxation-time 
thereby resulting in potential for ultra-high speed devices. 
 
6. Conclusion 
 The electronics field of today is on the verge of entering a transition period from the particle nature 
of electrons to the wave nature. More specifically, having acquired a degree of technology allowing 
electrons to be treated as electron waves, electronics has reached a state where it is standing at the 
entrance to a vastly expanding paradise of the wave properties of electrons. However, this is merely a 
glimpse of the grandeur of the incoherence of electron waves. 
 Moreover, as the field of electronics steps into that entrance, it will be necessary to advance into the 
"grand paradise of the interactions between coherent electron waves and other quantum waves." 
 In stepping through that entrance, it will also be necessary to "integrate all aspects of science", 
including not only the field of electronics, but the fields of physics, chemistry, metallurgy, applied 
physics and biology. 
 In addition, from a different point of view, coherent electron waves will most likely unfold amidst a 
background of academic studies and "refined science and technology" backed by "modern theoretical 
physics". 
 In moving from the present towards the 21st century, research in the field of electronics will not 
stop at the development of devices equipped with new functions, but will also incorporate the challenge 
of experimentally verifying whether quantum physics, previously only the subject of interest of 
philosophers and theoretical physicists, are really correct, and whether quantum theory and its devices 
are really invincible. 
 I would like to conclude by pointing out the following three problems in quantum theory with 
respect to device research. 
   1) What are the wave properties of a single electron? 
   2) Do electron waves and photon waves interact immediately? 
   3) Can the EPR paradox1) be used in the field of electronics? 
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